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Saga of the Cassir]i Engine Gin]bal Actuator

“] he Cassini-1 luygens missiorl  to Saturn is a joint effort  between NASA and tt]c
1 uropcan  Space  Agency. ul)tle  spacecraft is a ck-scoped  version of CRAF/Cassirli,
wtlich would have also flown  a separate comot  rondwvous  mission.

(;assini  Uses a redundant pair,~@cket cngino thrusters supplied by the Kaiser-
Marquarclt  compaqy.  1-%-Iw<400 N,]JI  .ustars arc mounted in a [locket  E. nginc,
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Assemb ly  (R[-A)..  1 he RE A provido<  , Prru$f Vec~or@r@’imt  for: ‘{“i ~ “’’:’(’” ‘~+ “ ? ‘“ ‘
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I n - c o u r s e  trajoctc)ry  acfjustm?nts  ““ ‘
1 Ile Saturn orbit Insertion maneuver
Saturn orbit trajectory control

.

1 Ile }{[ A comprises recjuncjant twc)-axis gimbal subsystems. [ ach gimbal subsystem
inclucjos fuel lines, filters, bearings, stiucture,  ancj two [ ngine  Gimbal ActUatOrs
([ GAs). ‘1 t-lo [ GAs  are furnisheci  by J[’1 to 1 ockhee(j-Martin  in Denver, Co. wl]o
cjcsigr]ecj  arlcj builfihc  1][ A ’  f[, iglJr@.’)  [lrld  ttlo Iargcr  f’ropulsiorl  ModlJl~ SLJt.JsYst~:rl”l  ““(
into whicl] the [1[ A fits. /. ( < i

J1’[  had to t]oose  between .!ither  procurir]g  t com[detc  [ GA \I }milding tt)c~as:  !IntJly
wittl  purctlased  cornpc)nents.  1 tIe E rlgin~{lGin~t~al  [-lectronics~~f<);  control(n~-the [ GAs,
wa’s-dcsignod  and built al JPL !pCaLJSC  w Ilad access to large  selections of screeneci
arlcj rad-harci  electronic parts) .;j ;?.
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1 wo s~li~nt  considerations cirove our clecision process: $hort  schocfule  an~nlncertilin~
of rec]uircrnents!’ Our sctIedule  was critical becausc~$ is-noted abOvO+w tf+]cj  to cjolivot
tested and proven act~Ja~ors  to JP1’s  subcontractor in time for. it to perform ttw.
nocc?ssary  sllbsysten{!evet;,  t[?sts.  -
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We~mparefl; Request for Froposal (Ill P) white  rec]uirements  were still fluici. ‘1 Ilis
process took mLJctI  longer thar) anticipated because wc were not. converging on a firm
sot Of rQ@r@rfrOM$,lhat  should constitute a gcIod specification. ~ur)dqpwntal  issues
such as la~r~ch  vi brafibn  forces, mass, and power.were ir@oncllatji~~”

. . . . .

The  RF- f’ was novor  sent  out, but sevorol  Wncior$werc ,i+licitcd  for $pcicificatic)rrs  of
,, ..,.:.’ ,,.:: Y“:,.:, .“. :

their exis~n:ij linear aciu~dors.  ,As we pus-hod tj~~@ to dqf!ne  a wor~dble  set of
requirenlQ@s,  it beta.rnb”appaient that Gl]r application flt ~]do a d~$ign  space that did
not suit, &y, $,o~lmefcial  dcsign$.  lnste~d,  scm]e”rrlodiffc~  tiorls to’’’~i~oxisting  JP1.
chxigr(,  tl;6” M2i~n;r Mars/Viking orbiter (MMVO)  actuatc]r, which slmcessfully  flew orl
three spacecraft destined for Mars, promised to sqtisfy  ’”hll the design constraints. 1 ho
following narrative is intc:rspersoci witt]  Iessorls  le~rnod  as wc procceckd witt~ our
ciccisions  and design  process.

!%tting the Course/
,1-.

/

M.atirmr  actl@2r_and_.LJS  pat~nt
L~!

When  first published in 1971, tile MMV() linear ~l,ct’liator  clc~sign  was novel onc)ugtl to

Y
earn United  States Patent2  No. 3, G60,704 (t;r~”~r~ . 1 he patent  was granted on the
basis of improved reliability, rcsponsivcnoss,  ~ar]d lower weight compared to existing
technology. 1 hese characteristics were partly achicwed  by using a DC brush motor
whose rotor is mounted directly on the nut of a ball screw, instead of ciriving through a
conventional geartrain. [ eaturos  which accruecj to this design  bccauso of the direct
drive  approach include a single  duptex  pair Lmaring and dust seals between mechanism
and motor brush dust. In aciciition to the drive mechanism, the device’s output positior~
was accurately sensccj  by a coaxial 1 VDI enlbecick?cj  within the; ball screw.



Table 1

Initial Design Requirements for Actuator Development

FuII Stmkc Actuations

Srr)all  Motion Actuations

l{adiation E rwironmcnt

3,000 actuations c)f 0.02” tindcx fl 30 lb Ioa 7/ x

1 ifetime-redated issues were obviously the most challenging to reconcile with ttlo  new
Cassini  mission. While there was a significant ciisparity  between requirements, the
actual life test results from the MMVO development were  very encouraging. Also, there
were  no failures or anc)malies  reported in the earlier missions. As our investigation of
the MMVO  actuator progressed, however, c)ther problems which had occurred in life
testing surfaced. One way that these problems came  to light was that we disassemblccf

~.
and inspected a MMVO actuator. F or example, we foun : “’

I ) / /<
1 he Kynar@ shrink sleeve, which wraps the four wire Ieack  of theservice ‘Y [~ ‘.

loop to the LVIIT  coil assembly, had become almost glass-hard

1 here was a significant amount of brush wear debris present (we could  not
find a recorcj of how much the actuatc)r  haci been used)

T he 1 VD1 ferrite probe cjisplaycd  an :ilarrrring  de{gree of wear

} iigh resistance and high startir~g vc)ltagc  on or~c of the stored ur]its

1 he motor rotor had boon  cpoxieci  to the ballscrww’s  nut because the small
pin used for trar]srnitting  tor~ue  [)roveci  to loosen in operation,

Sc)lutions to these prol)len-ls  are cfi.scllssc~cf below in the section on design upgrades.

,.



We r~?asonod  that it woulcj be difficult to manage  a development contract when
requirements w[?re still volatile, and tt]c?re  would b(? sigrlificar]t  risk of desigrl  ctl~lrlg~>:s,
se .1[’1 cornmittod 10 making  the? actuator assetnbly  irl-house.

We established that the basic E.GA design  was acceptabk?;  parameters suc:h as stloke
length, lubricant typd$”l~ad  rating of rmxhanical  cornpomnts,  etc. cpuld all be worked
ttlrcmgh “business as ti$~jal”. E- nough  time remained to cia the inwiiable redesign work
that our pedigreed dev~e~”woukf  need.

,; ., :. .,:

-Wt!tli .sP.&Q  parls~ .<’: .?” , “ ’
‘1 I)e first difficulty ~o”slow pro~ross was tho availability of cornpononts for the inheritc?ci
design. Although some spares had been stocked fc~r the earlier missions, these  ~?ither
turned out tc) lx? substandard components or wer~  undersized for th~ higlwr projecteci
Ioacis.  oth~)r parts simply had to be procured a{gain. “1 /lis was true for all major
comi)or]ents  including motors, LV[>l S, bearings, and t.)all screws.

Design Upgrade, Fabrication, and Test

f’rcssurized  dQ$ig[l )-!:, ‘,: . .

A f[?atur(?  of the actuator tt~at WC? perceived to be in~flc}rlar]t  was its internal pr[?ssurizcd
ir)crt gas. Our  actuators group had used this cksign  fc?ature to l][?lp ensure a favc]rabte
o~)orating environment in previous hardware. Nitrogcr\  gas at 5 psig and a trace
a!nount  of I{elium for leak measure rner]t  was LJsed.  1 I]es(? gases  wore  containod with
static and cjynamic  O-ring seals, effectively exclucjirlg  particulate contamination.
Moreover, the seals mitigated concern of lubricant egress, T Ile use of inert g:IS alSO

~Jfomised to rninirnize  motor brush

‘1 1)~~ MMVO actuators t]ad been  in
tllcr]~ for duty on Cassirli.

We debated a long time about  the

wear fc)r tt~e life of tt]e nlission.

storage for tnore ttlan  17 years wtwn we consi(icred

need for internal pressure. On tl]c  one l~and,  our
rcsoarctl  indicatccj  that oven  a fraction of a ‘1 orr (rnoro ttlar) -lxIO* TOr~) of inell gas
WIIS adequato to improve brust~  life, no matter wt~at mat :rial cornbir~atior~  ; were
selc~:t(?d.  on tIIO otfltjr hand, t}l[]  twcl[ c year  rr~issiorl  [Ilcserded  LJS witl]  ttle  reality that
ir]lf? l~al pressure woulcf certainly leak  cfown to very low levels. T tlis raised a concern
t}lat arcing due to the phenorl~enon  of corona disc} iarge  could occur at an intermediate
f)oint in the mission’s cruise phase. Further researctl  indicated that, in a mix of gasses
rnucll  like our actuator’s, ttlis phenomenorl  was most likely to ocCIJr d El pressure of

‘ ‘4aL)out 0.1 1 orr (Figure ). 1 CI estimate end-of-lift;  pressure conditions, we performed an- ,,,
analysis with ttlrce  different assumptions: Worst-case l~?ak, nominal leak rate as ‘\, . ,

\ . .

;)”)’
. ‘\



,

.

* tneasured from the MMVO actuators, and ll~e best leak  rate that WE) dared to hope.
Ordinary (1-rings wc!re assumed in the arlalysis;  otlmr,  more positiv~?  sc?als would hav(!
r(!(]llir{?d  too much mass or VO!UnM?.

1 ho result  of our analysis indicated that there was no realistic hope of maintaining
pressures above the corona discharge Icwel. 1 his presented us with a choicx?: should
we abandon the pressurized rnc?cl]anism  ard invest all our I]op[!s  in achieving a full 12
year nlission life’  with purely vacuum OperatiOn,  or should  WC) tit[f?rrlpt ti nliXed approach
of both pr&s\lrizeci  and vacuum operation? Persuasive arguments on both sides  of ttw
issue did ocIt lead to a blear choice. [n ttl[! end, Iho flight’  b~ritage  bft}le  fvl MV()
actuators gave lJS tt”re j~[!$tification to em br~ce the tlli XC!Ci Qpproactl+  If it failed, we cou!d
fall tmck  oii pur(!ly  vacuun]  opor:dion.  ~ ~~ .

performance over Icmpcrahjre

As we progressed in r-nodeling  the ncw design, it boc%rne apparent tlmt tlm MMVO
actuators were not rcquirc!d  to meet ttleir  pcrfornl’ante specifications at tcrnlwratur(!
extremes. Cassini  required more uniform pcrforr-nancm  over  temperature, Imwever,  so
this drcm the following design ccmsicjeraticms:

● Lubr icant  v iscos i ty  (USC?  a t~igtl viscosity index lubricant, or a dry film) ~ ‘.”
. Hearing  friction (n~inimizc pr[!load  and preload change  with t[!m[wrature)  i”.
● Motor paranlc!t(?rs  such as r’esistancc? and torqLJe COnStant

,’
.-

1 h(? original motors were  cjesigneci ancj producwd  at a local  Contractor. 1 IIC! original
design was thought to be adoquat[?, but tt]ero  W[!re two rc!asons Wt’ly icientical  motors
coLJlcj  not k manufacturc!d:  first, tt~ere wer[!  no extant prints in sufficient ck~tail
(pcrtmps there nevc!r  w[?re any!).  Scmc)r]ci, the contractor  was not intc?rest[!d  in
~mrforming  the follow-on work.

[ Ven if thC!  original contractor  agr’eeci  10 [)rOCiLJCC)  rllOK) rIIOtOrS, WC! could nOt CiUpli C[ltC
the materials anti manufacturing processes of ttle  original. [~(!cause any claim of
ll[!ritag(!  relies  heavily c)n the ability to cju[)licate ttlese  factors, it woulci I]av[?  I.)(!en  risky
to ~)rocec!d with the original vendc)r.  Morc!over, t}][? requirement for minimum stray
rnagr](!tic  field  W:IS Considered to I)(I ver; firm, anti the ~cntractor  Ilacj  no [ :<peri[?nco  in
desi~~llirlg for extrerl]el;  10w emitted fiel(, ):;. It was r]ec(!s:, iry to seek a rl(!i,  motor
v[?r]dor  anti motor dc!sigrr.



rt?liat}llity problem. ‘1 IIC? [ nginc  Gimtml  [ lectrol]ics ([ G[ ) df?sign was also fairly mature
at ttlis  point, so changes to it were not welcomt!. Designing for adec~uate  reli:ibility iri

commutation [~lCCtrOniCs  would hEN~  rc!qLJired dlOC:ltiOnS Of pow~!r, vO!LIrIIC, :IIId (? ffofl
tl)at were? in st]ort  supply. 1 inaliy,  ttm available voluirle for tt”rc!  :lctLjator  corlstrained the
outside diameter  of the motor, With a smaller volume available for magn~?ts on its
rotating member, ttlis means ttmt a brustdess  motor cannot achieve ttle  same flux
(k!nsity  from itS nlagnC?tS as brLJS\”I  motor, ar]d t]l[!rCfOrf2  woLJld nQt be atk to K!ach
p(!rfornlancm  IQvoIS  ttmt  ~assini  reqLlired.

A f{ec]Llest  fol ]nforrnatjon  yicldod Sovera[ intof’estacj  vendors.  Wo Spucified  t}lat tl}e
vcnc~ors  shQ\Jld  prcseni  their experience in brush rnc)tor lr2@lnology  witt) special
attention to vacuum applications,

At the same  time, wo began preparing ~ controllirlg  specification fur the procurement.
C)ur stiarch  for Iit(?ratur’e  to gllid[? us in the specifics of brush  motor Ck?sign  k-xi  to a
dommcmt3  by tk Fairchild $paco Com@ny. 1 his gLlicfe gave Lls valLlable  insigt~t into
desi~gn features tt]at need special attention. 1 he following list quickly surrlnlarizes most
of tl](?  significant design foatur[!s  that we controll[!d  in our spc?cification:

. [trush design fmrarneters  suctl  as rnatc!rial,  geometry, spring design, and
contact pressure.

● ~orlfiguration clesign to acconlmodate  brust]  c~ebris witt]out  stlort  circuit ing,
● 10 survive the I]igh ten~peratures  in ttw vicinity of the thrusters, corilmutators

stlould be dc?signed for even Ilig}-rer local temperatures anti winciing
teirninatiorls  shc)ulcj be welciecj  to ttle commutator Lmrs.

● 111[! mc]tor’s rotc)r was locked to the shaft wittl  two clos(!-fitting  keys so that it
r[?mained snug over many torque reversals.

We se{ected  American Ftodronics inc. (AE 1) to produce our motors.

‘I I]e [Iattle of ttle  l~rustl

With the help of the reference from I airchild,  furth[?r  literature search, discussions wittl
brush vendors, ~x~[?r reviews at Jf>l , and rnat(!rials  specialists’ consultaticjns,  we
elaborated on ttle  abov(? r~?quiremerlts in th[? specificatic)r].  T I]e c) bjective  was to reduce
delays due to ~inli~ipatod  failure  to a minimum. We learned that ttler(!  was ind(!ed  a
Iar{ge content of “art” in tt]e succ(!ssfu[  design  ancj (!xecution  of a brustl  [)G motor  for
vacuut[l  applications. Most of ttlis ccrlt[!red  on t)rustl-r[!latc!d  cicsign nuarlc[!s.

SOv(! <it details wer[? sl[!cified to entlan,:c: ttw reliability o ttle motor. (;artiidge-type
t)rusl~ l~oldc)rs wore ct]osen  over cantil[!ver  tyf)c!. Cc)rrlC!rs  of each brush t]c)ldor  wc!re
rc!tieved  to preclude binding in tl~o presonc[? of debris, and they Wer[? mactlined out of
Vespel  @to  ensure stability over  temperature. Av[?rage brush contact pr(!ssure  and
Spring pararrletc?rs  were listed. we ct]os(!  to USC? Ur]dQrCLlt COrnnl UtatOr  segments,
ahh OLlgtl  a substar]tial  amount of evidence sUgg OSted ttlat  no undercut was necessary.



1 he most important provision in our contract wittl  the motor vendor was that an
(engineering unit must Lw built and test[!d  as sc)on as f)ossible.  Our specification’s test
plan anticipated LJp to two failures in scdcctirlg an acceptabk?  brush material; we
recluired the vendor to identify at least two substitute t)rush nlaterials  and to present
those at ~ritical  Design Heview  for JPL’s  approval. f urthermore, these substitutes
must be immediately avdabk in the event that the previous atkplpt  failed under any
circun)stance.S::  *4 Ur.Q.:~s.,  another lesson to apply, learned from” Oxperio.o.ce  in

,,.
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potentiorilet~”r  testing”:it]:~he  T opex/F’osiecforl  Solar Array Drive’. ” ~~
,1’ ~ ,
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:: I_esson  3: To protect your SCIK!CIIJIO, test planS rnlJSt include

● ~titionale for why you perform a test ([? LIIIxM)
~~ ● VW@ ~he test i(+ irwndod to accofw)lis~l (Q4KxWX$ ~~ ~~

● ‘Con~ngoncy  measures to tako in case  of faihm @MM&d.
QLMM _ ._,.. ___ . ~ . . . . . . . . . . . . . . ..-:-...JL . . . . ..J.G

‘I able 2 is extracted from the motor specification test section. It delineates all of the
environments and oporating conditions rcc~uired for tllo engineering motor life t[?sting.
1 ho life test  was perfornied  in thermal/vac~lurn conclitions,  with a constant torque load

of 50% of stall, 28 Vdc excitation, ancj an inertial Ic)acj of 144 g cm2
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A ~lcaner  Motor

1 wo other concerns drove the motor’s design: Performance and stray magnetic fields.
1 hew  are coupled  to some extent. l-he required torc~ue-speed curve is shown in
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1 igure  . ‘1 ho original motor haci accx!ptahl[!  performance, but exceeded the static
magr][!tic  field requir(?ment  of the ~assini missic]n  by a larg[? mar~gin.  We rneasur~!d the
url~mw[!rc!d,  stray field of the overall MMVO  F GA and found it to excec!d 26 rll

‘1 he MMVO  motor employs Alnico  magnets to genc?rate  its stator  filoci We chose to
LJSO samarium-cobalt  magnets for their higher  energy  product which, in turn, rocluirc!s
less volume 10 achic!ve the necessary flux density within the motor.  We found that tt]e
MMVCI motors woro  dosigncd  with the magnets in an orientation that exacerbatecj  tile
of fer]sive  slray flux. The  new motors usecl a different orientation w!lOse magnetic
circuit traps more of tho flux witt~in the steel stator rirlg (f ’’iguro ), S“orn6J of the flight
actuators did not achieve the C@ of 5 nl N 1 met{!r, but nil rc?ached  very low Iev[!ls
from 110/~ to 250/~ of tho MMVO values. l’he [icc{~rl”]~)lishrT]erlt  is highlightc?d  because it
conflicts with a difficult mass constraint. More stW~l in the magnet  ring WOUld tlavc!
improv(!d  our results even  further.

f{c~onfig~re  f~r e~sier  ~$$cnltjly  Qr]cj tc$ting

‘1 Ile new [ C~A configuration is cjesigncd  for ease Of assembly ancj testing. It is built up
from three  modules, each with special tooling intenck)d to shorlen th(? calendar time
requir[?d  for many serial  procc?durw  in tile MMVCI actuator’s single  elaborate! assembly.
‘1 he larger  ballscr(?w pernlittecj  the 1 V[]-l’s  orier”ltalion to be rc?vc?rsecj,  tt”]us o~mning  lJp
severat  op~Jort  LJnities for reliability-enhancing improvements. 1 he tooling dedicatt!d  to
eact]  SLJt)E-’SSC)r?l  k)ly made it easy  to catch assembly and fit-up errors (!ady, wittlout
puzzlirlg  over what part of a fully assembled actuator is responsible! for lJnexpect(!d
problems.

Lesson 4: lnv&t early in piann”ing ttm assembly anti test
sequence. Attempt to isolato  mechanism sukxxxwmblies at a
reasonably simple Iovol, whore  tt]eir  fits and porforrnanco can
be checked against expectations. 1 his approach is often
percoivod as an urlnecossary  extravagance and omitted from
small lot production runs. Not only will problems be identified at
an early stage, but tho consequences of not meeting a
published specification for the  full assembly can be avoichd.

[Iearings  ancj [hllscrt?w

1 t~(? original ball bearings were  no longer available. 1 I-lC? original rnanufacturc!r  was not
irlterest(!d  in making new bearings to an old ~mrt r) LJrnber  for our small quantity. We
~)re~mrecj a now  spe~ificatic)n  for conlp~;titive  quoto, wittl particLllar attention [)aid to
>>>>> >>>:,: ..>>.

1 he MF’B bearing company r[!sporlded  favorably to our request. We [?lc!cted to bLJy a
Comnl(?rcial  “C!xtremelv Iiaht” stancjard  section rnadc olJt of 440~ stain  l~?ss Ste(!l.  “1 hiS
resulted in a healthy n~ar~in of Ioacj capacity as ttle
~harl lW~GQ that of MMV();S  original bearings. Next,,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,, ,, ,,, ,,, ,,, ,, ,, ,,,  ,.,  ., ,.,  .,.

bearing’s thrLJst  rating was ~ww
WC! substituted a larger 20 mm
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outsicic diarnct[?r  ballscrew to r(?place Itle older  1 G mm cjianleter  component. As with
the larger ball bearings, this change  increas(!d  mass.

Although not necessarily required for load capacity, the extra  nlass  paid important
cjividends.  1 hcse  choices promised the shortest possible lead times and least
likelihood of errors  in manufacturing. Sm.wral vendors cc)uld more  easily  quote to
industry-standard size bearings and ballscrews.  Moreover, our older ballscrews
displaycci  a Iargo v a r i a t i o n  iq IriQti.Qr)&.nd,baCkl  ash. E3aHscrew  nmn~jfactur[!rs  agreed  .
that this charm promis~d  to yield a more uniform compormt.  1 he n~t effect  of these ‘

s]

(
Squa]

-. ..-#--------

‘(:
s~)lilw

/
1.VI Y]’ 1 W)l.)c

(fixed to l]o~~sing)

&e c~ Iiecd 1 ubricanl

Onc important lessons II1O Jf’L has learned from its experience with tl]e  Vc)yager
Sf)acecr:ift  is that tt)e lubricating fluid useci  in some of its mechanisms was nc)t a real
lL]bricant  at all. VersilLJbo  (2-300 silcone  grease and f-50 fluid were  employed then.
Wh(!n they first became  commercially available, silicorle  fluids Il[!ld tr[!mendous
attraction because of ttloir low vapor pressure  and Iligl]  viscosity index-- stable viscosity
wittl  tcmp(!rature  variation. }’roblems  with tt~(! scan platform r~(?chanisms led t~
res[!arch  ‘iI)at strewed silic(rle  fluids  arc! norl tqewtonian.  Wor.>e yet, the tlygro:copic
fluid turned into a gritty paste  of microscopic crystals undc!r  high shc!ar conditions in the
~)rescrlc[!  of water.

In keeping with the conservative project guidelines, WC! selectecj  E3ray 600 grease/8157
oil to replace the old lubricant. Special provisions were  design ~?d-in  to ensure! a
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lubricant reservoir for the ballscrow  slider and ballnut. ‘lo minimize friction, the ball
wy are sealed on bottl  sides  with

C)ne of the most disturbing findings when we ciisassernbled  the MMVQ actuators was
the degree to which the [ VD-l probe had worn. lt”turfw3d 6M fh~t  thi$ ~~d boon ~oticed
before, buinpt @cumrMed.  1 he reason was that each cnc~ of ?le 1.YD1 was held in a
s[!parate”s,ub~  ssemb[y  of tlw actuator, and thw’e was a Sllbstcintialjtole  rance build-up
between the ‘~’wo  parts.:.  We remedied ttlis by mounting the LVD_l ferritp probe on a 1.52
mm (0.06 ””ln.ch) diamet&’  Iloxuro rod. ‘1 tlis forced  us to uso careful, handling methods
wtlilc? assembling tho actuator to avoid bending the flexure,  but th,&!approach  allowed
LJS to analytically bound the stf’o$ses and fOrCX?$  {~ctir”lg  on the probo  hEIICiWar(?.

[

. . . . . . . . . . . ,,, .-—-.—.  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ., . . . . . . . . . . . . . . . ...44.... ..-. .-—..-.... . .. M- . . . . . . . .. —-....
Lesson  5: Risk is mitigated whenever an analytically
dotorminato design is employod.-. ——— . . . . . ..— —— ,,, .,. . .

soft stops
One consequence c)f a peer review  is ttlat  it will ofl[?n  gen(!rate  new requir[?ments.  Wc
realizecj tl-iat  the MMVO actuator did not have a design feature specifically for
absorbing the mechanism’s energy at its end of travel. With the help of our materials
[?ngineers, we designed cuslom-motd[!ci  urethane stops to cushion the ballscr[?w at
each cnci of travel. 1 he wide temperature rarrgc made  ttlis a particularly challenging
rnatcrials  problem.

Slifwcfy.flfxtmint

MMVO  actuators crnployeci  a sirnplc!,  square splino  to resist  the ballscrww’s  tendency to
rotate. We ~~rwiderwf  improving the desi{gn with a sophisticated involute splirm, bul
oventu~~lly  soltled  ,on a ?l~t, broaci roctangu{ar  section with hras$ slipper  pla(es~  ‘I he
firlal design results in less backlast~  while  permitting tt}e same reasonable tolerances.

-Magic Vespel

‘1 Ile MMVO  actuators’ u-joints (!nlploy  blJstlings  made of [)upont Vespcl.  While
redesigning these  for the higher anticipated loads, we investigated alternatives for the?
material too. In a space  Mechanisms Videoconference5  we learned that Vespel  Ilas tile
val~t:ible triboloqical  [)roperty of re(iucil)(j its coefficient (f friction in vacu~’fn,  in
cor}(radistinctio;  to nlost  ottler  nlateri:il:i  that we tlave  kilowlecige  of.

1 ining and lubricant changed from 1 eflon to MoS2.



.MaintenanCt? ~GKJatiQU_$

No procedure had been establishc?d  to r(!gularly  “exercise” the MMVO  actuators. After
invt?stigatincj brush motors, Ilowc!ver,  we detc!rmined  to procxx!d with caution. “~oId
w(!lcfing” or vacuum welding of asperities between the brushes and commutator posed
a significant risk in a very  long 12 year’ mission. Even though the brlJsh/commutator
material combination was selected for maximum reliability, we still feared that a non-
conductive film may build up under the brush. ‘1 his phononw?non is illustrated by our
measurenl,eriis  of fVIMVO actuator characteristics. When  we fir? pulled the machin~?s
out of nlothbdls,  our fir$t impulse was to “fire them up” and see ho~ they woldd run.
[{estrainirr~o~rsc?  lves, we instrumented the power supply first, and measured the
resistanc~  @ the motor’s terminals. We  found resistance as high as 10 K ~], and,
starting voltti~q as high as “~’B[).  After a low strokes,  the starling voltago  sottlod  down
10 TE3D+ Lat~r  on, we subjected the parts  10 a“tmtysis  and found ~rnmutator  corrosion
product$  and  silicone 1-50 fltild on the ‘boo-irllut<itor’s  surface. T hti’s.upp]y  voltage was
nc)mir)alty  28 volts.

10 avoid any conc(?rn  over  this problem] WE! initiated a flight rule roquir[?rnerrt that the
flight actuators woLJld  be operated every 6 months, wtlether in grOLlnd  stc)rage  or in
Spac[!.

1
-, . . . ..— ---—- .-.. ——. . . . . . . ..— .. -—. . . . .—. .— .,. . . . . .
Lesson 6: Llnless time and money resources prohibit, don’t
plunge  ahead and test hardware without a carefully thought-out
idea of what, why, where, and how you will cjo your test,,,, . ..— . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .-4.,....  . . . ...+  .,

Final E?mbocfiment

l{equirement Mariner Mars/Viking
Orbitgr [ GA,.

Mission [)uration I 28 years

I  orlgest f r)gine Durr]  45 rllirlutes

1  otal C)pcrating  1 inw 2 Ilours

f {any! OJ Motion 0.-/85 40.030 ir~cl~

Nunhx of F“ull 100
Stroke Actuations

3.5 IIOLIIS — II, K

142 t lcmrs  (sormwtlat A, C, K
anhiguoLls)

1.120 ~0.040 inch g,[), [,}ljl

1,300 c, [), E, 11, 1

1..

~,
‘1 ‘,

i “

\.,,



Ilequirement

Nuntmr  of Small
Actuations (up to
1/20 of total stroke)

.— —._

---’-----r:k-GA-’__J&&.?m.Mariner Mars/Viking
Orbiter  EGA

3,000 80,000 I A, C, D, E:, H, L

I-— _____ .._, ___ ____ .. ____ -i.—-— ——— — ___________ -—— .

I Lalrl~~._71 & on 2 axes 1——— ..__ _ __-__, .,. -— —. .—___ - —-———- -—. - .-—. . _______

Future Improvements

More lubricant

.. —______  _ ._ ——. —.—. ._— ___

‘ F ludolptl,  LJalr?.  Oesign.a.nd.  C?cvclQQEI.erlt_of  t h.e _Ca.ss@i  MairIE ngini. ASSCMI$N  .Gi.u!balMe.cl!a~~s~l,  30”
Aerospace Mecllanisrns  Symposium, May 1996, Denver  Flight Systems, Lockheed Martin, Denver, CO
2 Paine, 1.0. and Perkins, G. S. U.S. Patent No. 3,660,704, May 2, 1972
3 Morin, Jotwr P., General Guicfelinesfol  .Brus!] Motor spacc!ligt~t .AIJ@@ons,  April 24, 1992, F-airchild
Space Co., Germantown, MD

Don’t forget ttw CDR Volunm
Don’t forget the motor brush memo and the motor performance nmno.

4 Iskenderian, I ed. !.es&~nsl.ean!ed_  FIorn Srlecting  ar@ 1 esting SIJacefliglltYot.entjonflQte~s,  28”
Aerospace Mcctlanisms Syrnposiurn,  May 1994, California Institute of Toctmotogy,  Jet F’repulsion
Laboratory, Pasadena, CA
s Sk!txm,  Mark. Repori  on polyimid roller friction in vacuum VS. air, Space Mechanisms Videoconfmmce,
hosted by Robert F:usaro at NASA Langley l{esearch Ccmtcr, Deccnher  13, 1993
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Engine Gimbal Actuator
Design Evoiution
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VIKING design concept
shown  with Cassini
le~g~h & stroke ,

WHICH IS EMBODIED USING
THE CONCEPT DESIGN, BASED ON T!-%
US PATENT NO. 3,660,704

NEW CONCEPT DESIGN

CASSINI implementation
●  StatiorIa~  wiring
. Soft travel stops
● Minimized external

+!p :in~dsma~~leklu ,Lwlu

FIGURE NO. Z
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